A barium titanosilicate, BaTiSi2O7, with suzukiite (BaVSi2O7)-type structure has a unique Ti-O unit, which consists of mirrorsymmetrical TiO5 pyramids pair, and possesses a visible orange photoluminescence (PL) by an ultraviolet excitation at room temperature. However, the origin of orange PL has not been fully understood. Therefore, the purpose of this study is to elucidate the origin and mechanism of orange PL in suzukiite-type BaTiSi2O7. It has been proposed that two types of oxygen-defect in the pyramidal TiO5 unit pair contribute to the efficient orange PL, i.e., the extrinsic oxygen-vacancy due to the lack of oxygen in the TiO5 unit, and the intrinsic oxygen-vacancy, which exists in the TiO5 unit pair due to its structural peculiarity.
Introduction
It is recognized that polyhedral groups consisting of transitionmetal ions without d-electron and oxygen ions are responsible for photoluminescent (PL) properties in titanates, niobates and tungstates. 1) In the case of titanates, the titanium ion takes four-, five-and six-coordination, i.e., tetrahedral TiO4, pyramidal TiO5 and octahedral TiO6 units, respectively, and various manners of linkage of the Ti-O polyhedra exist. Both the type of Ti-O polyhedral unit and the manner of their linkage are also responsible for the PL property.
2), 3) For instance, the titanates with the isolated TiO6 octahedral (i.e., benitoite, BaTiSi3O9) and TiO5 pyramidal units (fresnoite, Ba2TiSi2O8) show a clear PL at room temperature.
3)- 7) According to the extensive research of the PL property in compounds with Ti 4+ so far, two types of PL mechanisms exist. One is caused by an ultraviolet (UV) excitation, corresponding to the charge-transfer (CT) transition from the 2p orbitals of the surrounding oxygen ion to the empty outer 3d orbital of Ti 4+ (O 2--Ti
). 8) In this case, the wavelength of the PL observed from sample is in the blue-green region. The other corresponds to a longer-wavelength emission originated from the defect titanate center, consisting of the Ti-O polyhedron associated with oxygen-defects. 8),9) Takahashi et al. reported a visible orange PL with the peak at ~580 nm at room temperature from a barium titanosilicate, BaTiSi2O7. 10) This crystal structure is expected to be a suzukiite-type, which consists of Si4O12 ring and the unique TiO5 unit pair, i.e., the bases of the two pyramids mirrorsymmetrically met each other. 10) Although they have deduced that both the existence of oxygen-defects and the peculiar pyramidal TiO5 unit pair play a key role in the efficient orange PL at room temperature, the certain evidences of origin of PL are not obtained yet.
In this study, we have examined the optical properties of the oxygen-defect-containing and the defect-reduced BaTiSi2O7 phases for the purpose of elucidating the origin and mechanism of orange PL in suzukiite-type BaTiSi2O7. In order to prepare the defect-reduced BaTiSi2O7 phase, the addition of excess of SiO2 as a sintering-aid in the nominal composition of BaTiSi2O7 phase was attempted because the SiO2 reagent was frequently utilized as a sintering-aid to promote a solid-state reaction.
11),12) Therefore, it is expected that the additive SiO2 improves the crystallinity and then reduces the oxygen-defect in BaTiSi2O7 phase.
Experimental

Sample preparation
The BaTiSi2O7 phases examined in this study were synthesized by a conventional solid-state reaction; Commercial powders of reagent grade BaCO3 (99.9%), TiO2 (99.9%) and SiO2 (99.9%) were thoroughly mixed and ground in an alumina mortar. The mixtures with the nominal composition of 1BaO-1TiO2-2SiO2 (i.e., stoichiometry of BaTiSi2O7, hereafter BTS2) and 1BaO-1TiO2-3SiO2 (i.e, BaTiSi2O7 add to SiO2, BTS3) were calcined at 1000°C for 24 h in an electric furnace. The batch weight was 10 g. Subsequently, the calcined samples were re-ground and sintered at higher temperatures, 1100°C and 1200°C for 12 h in the case of BTS2, and 1100°C, 1200°C for 12 h, followed by 1230°C for 3 h in the case of BTS3, with intermediate mixing in air.
Characterization
Identification of the crystalline phases obtained after sintering was examined by an X-ray diffraction (XRD) analysis using Cu Kα radiation. The diffuse-reflection spectrum of the crystalline sample was measured by a UV-visible spectrometer attached to an integral sphere. Measurement of the PL and photoluminescence excitation (PLE) spectra of the samples was performed using a spectrofluorometer with a xenon lamp as the excitation source. Confirmation of the visible PL was carried out using a commercial UV lamp with the wavelength at 316 nm. In the measurement of PL intensity as a function of time, i.e., decay curve, third-harmonic generation of Q-switched Nd 3+ : YAG laser (λ = 355 nm) was used as an excitation source, and the PL intensity was detected using a photomultiplier. The PL decay curve was recorded on a digital storage oscilloscope. In order to check JCS-Japan the temperature dependence of decay time, the temperature around sample was controlled by a cryostat cooling system in the range from liquid nitrogen temperature (LNT) to room temperature (RT) during the decay curve measurement. The decay time, τ, was evaluated by a single exponential curve-fitting on the decay curve.
3. Result 3.1 Phase formation of suzukiite-type BaTiSi2O7 Figure 1 shows the powder XRD patterns of the sintered matters with the composition of BTS2 and BTS3, corresponding to the stoichiometric BaTiSi2O7 and the BaTiSi2O7 with an excess of SiO2, respectively. After the final heat-treatment at 1200°C and 1230°C for the BTS2 and BTS3 samples, respectively, white crystalline sintered bodies were obtained. In the sintered BT2S sample, partially-molten spots were seen after sintering at higher temperature (1210°C). On the other hand, the sintered BTS3 sample still kept the ceramic body without any molten spots at 1230°C. By the comparison to the XRD data reported by Stassen et al., 13) the sintered matter with the BTS2 composition was identified to BaTiSi2O7 phase, indicating single formation of the suzukiite-type BaTiSi2O7. Considerable increase of intensity of the diffraction peaks corresponding to the BaTiSi2O7 phase was observed in the sintered BTS3 sample compared to that of BTS2 sample. In addition, small peaks also appeared around ~20-21°.
Optical property of suzukiite-type BaTiSi2O7
In previous study, the shoulder near the optical band edge, which was attributed to the formation of oxygen-defects in the Ti-O polyhedral units, was observed in the diffuse-reflection spectrum in the suzukiite-type BaTiSi2O7.
10) Therefore, it is necessary to check the presence of oxygen-defects in the synthesized BTS3 sample, in which the quantity of oxygen-defect is expected to be smaller. The diffuse-reflection spectra of crystalline phases synthesized in this study, and the difference spectrum (inset) are shown in Fig. 2 . Unlike the stoichiometric BaTiSi2O7 phase (BTS2 sample), the sharp optical band edge without shoulder was observed around 350 nm in the BTS3 sample. In addition, in the difference spectrum, two absorption bands were observed in the range of 1.5-5.0 eV. After deconvolution by Gaussian function, the difference spectra showed a large and small band with the peak at ~3.5 eV (350 nm) and ~2.1 eV (580 nm), respectively. Figure 3 shows the PL and PLE spectra of the BTS2 and BTS3 samples synthesized in this study. In both samples, an excitation band in the range of 300-400 nm and a broad emission with the peak at ~580 nm were detected. The both samples indicated a clear orange color, being sufficient for a visual confirmation, under the UV light with the wavelength of 316 nm. On the other hand, the PL intensity at maximum of ~580 nm in BTS3 sample was smaller than that of BTS2 sample, about 40% of PL intensity in the BTS2 sample. Decay curves of the orange PL at 580 nm in the BTS2 sample at various temperatures, and the decay time (τ ) as a function of temperature (inset) are shown in Fig. 4 . The τ was evaluated to be approx- Fig. 1 . Powder XRD patterns of the sintered matters with the composition of 1BaO-1TiO2-2SiO2 (BTS2 sample) and 1BaO-1TiO2-3SiO2 (BTS3 sample). The diffraction data of BaTiSi2O7 is also included. Fig. 2 . Diffuse-reflection spectra of the suzukiite-type BaTiSi2O7 (solid line, BTS2) and the BaTiSi2O7 phase with an excess of SiO2 (dashed line, BTS3), and the difference spectrum (inset). 
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imately 100-300 μs in the temperature range from LNT to RT.
In addition, as seen in the inset, the discontinuity at ~100 K, and the subsequent decrease of τ with temperature were confirmed.
Discussion
Effect of SiO 2 addition on oxygen-defect in suzukiite-type BaTiSi2O7
In ceramics sintering process, the addition of SiO2 is frequently utilized as a sintering-aid, which promotes a solid-state reaction. In this study, the increase of diffraction intensity of the suzukiite-type BaTiSi2O7 was observed in BTS3 sample. This obviously indicates that the additive SiO2 leads to enhancement of crystallinity of the BaTiSi2O7 phase in BTS3 sample. Quantity of oxygen-defect of the BaTiSi2O7 phase in the BTS3 sample is also expected to be smaller than that of BTS2 sample (stoichiometry of BaTiSi2O7). The additional diffraction peaks around ~20-21° were probably due to the tridymite-type SiO2, coming from an unreacted SiO2 in the BTS3 sample. Formation of the tridymite in BaTiSi2O7 phase in the BTS3 composition is also described in the phase-diagram of BaTiO3-SiO2 system by Rase and Roy. 14) Since it is reported that the shoulder around the optical band edge around 3 eV, and the broad absorption extending in the region of 350-450 nm (~2.5-3.5 eV) originates in the oxygendefects of Ti-O unit in titanates, 8) ,15) the large band around 3.5 eV (~350 nm) observed in the difference spectrum is attributed to the presence of oxygen-defects in the BTS2 sample. Therefore, the diffuse-reflection and the difference spectra reveals that the oxygen-defect of the BaTiSi2O7 phase with an excess of SiO2 (i.e., BTS3 sample) is quite less than that of the stoichiometric BaTiSi2O7 phase (BTS2 sample), as expected from the XRD result. It also means that the BTS2 sample involves a relative amount of oxygen-defects.
Origin of PL in suzukiite-type BaTiSi2O7
The orange PL intensity detected at ~580 nm of BTS2 sample was larger than that of BTS3 sample. This strongly suggests that the orange PL in BaTiSi2O7 phase closely concerns with the presence of oxygen-defects. Wachsman et al. 16) investigated the PL mechanism in oxygen-vacancy-induced yttria-stabilized zirconia (YSZ) and proposed the band diagram. According to them, the broad emission at ~2.1 eV (580 nm) in the defect-induced YSZ crystal is due to the transition from the band of VO × (one oxygen vacancy with two trapped electrons, i.e., F-center) to that of VO • (one oxygen vacancy with one trapped electron, F + -center). Therefore, it is strongly proposed that the orange emission of suzukiite-type BaTiSi2O7 takes place through the same manner of defect-induced YSZ crystal. Furthermore, one can realize that the small absorption band around 2.1 eV (580 nm) in the difference spectrum corresponds to the transition from the band of VO • to that of VO × because the position of small absorption is coincide with that of the orange emission band.
The τ measured in this study was in the range of a few hundreds μs. The τ of suzukiite-type BaTiSi2O7 is different from that of the other titanates with pyramidal TiO5 units (Ba2TiSi2O8 and Cs2TiP2O8), in which the PL originates from the CT transition.
5), 17) On the other hand, in the perovskite-type La2MgTiO6 and spinel-type Mg2Sn0.99Ti0.01O4, the τ of PL, which is related to the oxygen-defects, is evaluated to be the order of 10-100 μs.
9), 18) In addition, the BaTiSi2O7 phase exhibites the same manner of τ of the both La2MgTiO6 and Mg2Sn0.99Ti0.01O4 phases i.e., the discontinuity of τ at ~100 K, and the subsequent decrease of τ with temperature.
9),18) Thus, the PL properties observed in BaTiSi2O7 phase closely resembles the properties based on the oxygen-defects in the titanates. Consequently, we concluded that the visible orange emission in suzukiite-type BaTiSi2O7 was caused by the introduction of oxygen-defects to the Ti-O polyhedral units.
Intrinsic defect of pyramidal TiO5 unit pair in suzikiite-type structure
Although the oxygen-defect in Ti-O unit is a credible origin of PL in the BaTiSi2O7 phase, an adequate intensity of orange PL was also confirmed in the BTS3 sample, i.e., the BaTiSi2O7 phase with less oxygen-defects. Orhan et al. 19) reported the PL in the range of 500-700 nm in amorphous-like BaTiO3, which was derived by a sol-gel method, and examined the PL mechanism by a quantum-mechanical calculation using the structural model consisting of one pyramidal TiO5 unit pilled up on the TiO6 unit, which is a representative of disordered structure of amorphous-like BaTiO3. They interpreted the origin of PL of the amorphous-like BaTiO3 as the intrinsic presence of trapped holes and electrons, which were created by the existence of pyramidal TiO5 unit in the octahedral TiO6 units. In this case, the trap site should be in the TiO5 unit, which is regarded as the TiO6 polyhedron without one oxygen ion. Figure 5 depicts the structure of pyramidal TiO5 pair unit in the suzukiite-type BaTiSi2O7. This structure is regarded as the double-perovskite structure with one oxygen-vacancy in the middle of TiO6 units (indicated by dashed circle in Fig. 5 ), meaning that the oxygen-vacancies intrinsically/structurally exist in the suzukiite-type BaTiSi2O7. Since these sites are expected to be electrically-positive, it is probable that the electrons are trapped in the sites. Therefore, such intrinsic oxygen-defect existing in the TiO5 pair unit is considered to be another origin of the orange PL, suggesting that there are two contributions to the orange PL at room temperature in the suzukiite-type BaTiSi2O7, i.e, the extrinsic and intrinsic oxygen-defect, corresponding to the lack of oxygen (indicated by allows in Fig. 5) , and the structurallyderived vacancy (dashed circle), respectively, in the pyramidal TiO5 unit pair. 
Summary
We have synthesized the two types of suzukiite-type BaTiSi2O7 with different oxygen-defect quantities, and compared their optical properties in order to elucidate the origin of orange PL at room temperature. The diffuse-reflection and its difference spectra have revealed the existence of oxygen-defect centers in the Ti-O units in the stoichiometric BaTiSi2O7 phase (i.e., BTS2 sample). On the other hand, promotion of the phase formation and prevention of the oxygen-defect were confirmed in sizukiitetype BaTiSi2O7, which was synthesized by the addition of excess of SiO2 into the nominal composition of BaTiSi2O7 (BaTiSi2O7 + SiO2, BTS3 sample). Although the broad emission band with the peak at ~580 nm (orange color) was sufficiently confirmed at a UV excitation in both BTS2 and BTS3 samples, the PL intensity of BTS3 sample was approximately a half as large as that of BTS2 sample. In addition, the features of decay time and its temperature dependence in the suzukiite-type BaTiSi2O7 agreed with those of the titanates in the case of defect-associated emission.
We have concluded that the efficient orange emission the suzukiite-type BaTiSi2O7 at room temperature was mainly caused by the presence of defect-center, which was created by leaving oxygen ion from the pyramidal TiO5 unit, i.e., the extrinsic oxygen-vacancy. Furthermore, taking into account that an adequate PL intensity was also confirmed in the BTS3 sample, i.e., BaTiSi2O7 phase with less oxygen-defects, it is probable that the intrinsic oxygen-vacancy existing in the TiO5 pair unit also contributes to the orange PL. 
